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Figure S1. Ancestral state reconstruction of the preserved elbow-joint angles. 
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Figure S2. Ancestral state reconstruction of the preserved wrist-joint angles. 
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Table S1. List of specimens. 
 

Category Species Specimen No. Reference 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thadeosaurus colcanapi MNHN 1908-11-13a [43] 

Odontochelys semitestacea IVPP V 13240 [44] 

Chisternon undotum _1 FMNH PR 2451 [43] 

Chisternon undotum _2 WDC-CGR-32 [43] 

Chisternon undotum _3 FMNH PR 2829 [43] 
Baena arenosa FMNH PR 2391 [43] 

Thalassemys bruntrutana NKMB Watt18/211 [45] 
Tropidemys seebachi NKMB Watt09/162 [46] 

Jeholochelys lingyuanensis PMOL-AR00213 [47] 
Tasbacka danica MHM-K2 [48] 

Allaeochelys crassesculptata HLMD-Me 7593 [49] 

Hummelichelys guttata 
collection of Fossil Butte 

National Monument 
[43] 

Axestemys byssinus _1 FMNH PR 3039 [43] 
Axestemys byssinus _2 WDC-CGR 111 [43] 

Palaeoamyda messeliana WDC-C-MG-310 [50] 
Trionyx messelianus HLMD-Me 8036 [49] 

Eusaurosphargis dalsassoi PIMUZ A/III 4380 [51] 
Dianopachysaurus dingi LPV 31365 [52] 

Keichousaurus hui NMNS-VL191 [53] 
Lariosaurus sp. LPV 301881 [52] 

Diandongosaurus acutidentatus _1 IVPP V 17761 [52] 
Diandongosaurus acutidentatus _2 WIGM SPC V 1105 [54] 

Megachirella wachtleri PZO 628 [55] 
Vadasaurus herzogi AMNH FARB 32768 [56] 

Palaeopleurosaurus sp. SMNS 81774 [57] 
Derasmosaurus pietraroiae MPN 541 [33] 

Sphenofontis velserae SNSB-BSPG 1993 XVIII 4 [58] 
Lacertulus bipes DNMNH 3/3602 [59] 

Geiseltaliellus longicaudus HLMD-Me 10207 [49] 
Huehuecuetzpalli mixtecus _1 IGM 4185 [60] 
Huehuecuetzpalli mixtecus _2 IGM 7389 [60] 

Xianglong zhaoi LPM-000666 [61] 
Daohugou lizard IVPP V 13747 [62] 
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C0 

Afariguana avius FMNH PR 2379 [43] 
Eolacerta robusta HLMD-Be 146 [49] 

Lacertoidea JZC Bu1803 [63] 
Ardeosaurus digitatellus CM 4026 [64] 

Ardeosaurus brevipes PMU.R58 [65] 
Eichstaettisaurus schroederi BSPG 1937 I 1 [64] 

Eichstaettisaurus gouldi MNP 19457 [66] 
Squamata indet. JZC Bu267 [63] 

Adriosaurus suessi NHM R2867 [67] 
Primitivus manduriensis MPUR NS 161 [68] 

Jucaraseps grandipes LH 18505 [69] 
Yabeinosaurus tenuis _1 IVPP V 12641 [70] 
Yabeinosaurus tenuis _2 IVPP V 13284 [70] 

Daohugou lizard IVPP V 14386 [71] 
Bahndwivici ammoskius FMNH PR 2260 [43] 

Saniwa ensidens _1 FMNH PR 2378 [43] 
Saniwa ensidens _2 BHI 1285 [43] 

Cryptolacerta hassiaca SMF-ME 2604 [72] 
Polyglyphanodon sternbergi CM 9188 [64] 

Hyphalosaurus baitaigouensis CAGS-IG-06131 [73] 
Lazarussuchus sp. BDL 1819 [74] 

Monjurosuchus splendens GMV 2135 [75] 
Hyphalosaurus lingyuanensis _1 IVPP V 11075 [76] 
Hyphalosaurus lingyuanensis _2 PKUP V 1052 [76] 

Litorosuchus somnii IVPP V 16978 [77] 
Atoposaurus jowdani MHNL-15679 [78] 

Alligatorellus beaumonti _1 MNHN 15638 [79] 
Alligatorellus beaumonti _2 MNHN15639 [79] 

Alligatorellus bavaricus BSPG 1937-I-26 [80] 
Alligatorium depereti MMG-512 [78] 
Borealosuchus wilsoni FMNH PR1674 [43] 

Crocodilaemus robustus NHM 40344 [80] 
Diplocynodon darwini _1 HLMD-Me 5317 [49] 
Diplocynodon darwini _2 HLMD-Me 7500 [49] 

Tsoabichi greenriverensis _1 FMNH PR 1793 [43] 
Tsoabichi greenriverensis _2 FMNH PR 3050 [43] 

C1 Panguraptor lufengensis LFGT-0103 [81] 
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C1 Coelophysis bauri AMNH FR 7223 [82] 
Limusaurus inextricabilis IVPP V 15923 [83] 

Sciurumimus albersdoerferi BMMS BK 11 [84] 
Allosaurus jimmadseni DINO 11541 [85] 

C2 

Guanlong wucaii IVPP V 14532 [86] 
Tarbosaurus battar MPC-D 107/7 [87] 

Scipionyx samniticus SBA-SA 163760 [33] 
Sinocalliopteryx gigas JMP-V-05-8-01 [88] 

Sinosauropteryx prima _1 NIGP 127586 [89] 
Sinosauropteryx prima _2 NIGP 127587 [30, 89] 
Huaxiagnathus orientalis CAGS-IG02-301 [90] 

Nqwebasaurus thwazi AM 6040 [91] 
Sinornithomimus dongi IVPP V 11797 [92] 

Struthiomimus altus AMNH 5339 [93] 

C3 

Protarchaeopteryx robusta NGMC 2125 [94] 

Caudipteryx sp. IVPP V 12430 
[29], direct 
observation 

Caudipteryx zoui _1 NGMC 97-4-A [94] 
Caudipteryx zoui _2 NGMC 97-9-A [94] 

Xingtianosaurus ganqi IVPP V 13390 [40] 
Similicaudipteryx sp. _1 STM4-1 [2] 
Similicaudipteryx sp. _2 STM22-6 [2] 
Citipati osmolskae _1 MPC-D 100/1004 [95] 
Citipati osmolskae _2 MPC-D 100/979 [95] 

Oviraptor philoceratops AMNH FARB 6517 [95] 
Khaan mckennai _1 MPC-D 100/1127 [96] 
Khaan mckennai _2 MPC-D 100/1002 [96] 
Heyuannia huangi HYMV1-2 [97] 

 
 
 
 

C4 
 
 
 
 

Scansoriopteryx heilmanni CAGS02-IG-gausa-1/DM 607 [98] 
Epidexipteryx hui IVPP V 15471 [99] 

Yi qi STM31-2 [41] 
Dromaeosauridae indet. LPM 0200/0201 [100] 
Dromaeosauridae indet. NGMC 91-A [101] 

Zhenyuanlong suni JPM-0008 [37] 
Microraptor zhaoianus CAGS-20-7-004 [102] 

Microraptor gui _1 IVPP V 13352 
 [28], direct 
observation 
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C4 

Microraptor gui _2 IVPP V 17972A [103] 
Microraptor sp. STM5-32 [104] 

Changyuraptor yangi HG B016 [105] 
Wulong bohaiensis DNHM-D2933 [106] 

Tianyuraptor ostromi STM1-3 [107] 
Jinfengopteryx eleguns CAGS-IG-04-0801 [108] 

Mei long IVPP V 12733 [109] 
Jianianhualong tengi XHPM 1218 [110] 

C5 

Zhongornis haoae DNHM D2455 [111] 
Archaeopteryx lithographica HMN 1880 [112] 

Archaeopteryx siemensii WDC-CSG-100 [113, 114] 
Yianxianosaurus longimanus IVPP V 12638 [115] 

Serikornis sungei PMOL-AB00200 [116] 
Eosinopteryx brevipenna YFGP-T5197 [117] 

Anchiornis huxleyi _1 LPM-B00169 [118] 
Anchiornis huxleyi _2 YFGP-T5199 [119] 

Aurornis xui YFGP-T5198 [120] 
Jeholornis curvipes YFGP-yb2 [119] 
Jeholornis prima _1 BMNHC-PH780 [121] 
Jeholornis prima _2 CDL-02-04-001 [121] 
Jeholornis prima _3 IVPP V 13274 [122] 
Jeholornis prima _4 IVPP V 13353 [123] 

Jeholornis sp. _1 STM2-37 [124] 
Jeholornis sp. _2 STM2-51 [125] 

 
 
 
 
 
 

C6 
 
 
 
 
 
 

Sapeornis chaoyangensis _1 DNHM-D3078 [126] 
Sapeornis chaoyangensis _2 STM15-15 [127] 
Sapeornis chaoyangensis _3 HGM-41HIII0405 [121] 
Sapeornis chaoyangensis _4 DNHM-D2523 [121] 
Confuciusornis sanctus _1 LPM-0228 [121] 
Confuciusornis sanctus _2 LPM-0229 [121] 
Confuciusornis sanctus _3 DNHM-D2859 [121] 
Confuciusornis sanctus _4 BMNHC-PH766 [122] 
Confuciusornis sanctus _5 BMNHC-PH931 [123] 
Confuciusornis sanctus _6 BMNHC-PH987 [121] 
Confuciusornis sanctus _7 LPM-0233 [121] 
Confuciusornis sanctus _8 DNHM-D2151 [121] 
Confuciusornis sanctus _9 NIGP 139379_1 [121] 
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C6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Confuciusornis sanctus _10 HGM-41HIII0400 [121] 
Confuciusornis sanctus _11 IVPP V 110304 [128] 
Confuciusornis sanctus _12 IVPP V 10918 [129] 
Confuciusornis sanctus _13 MCFO 0589a [130] 

Confuciusornis sp. IVPP V 13156 [131] 
Jinguofortis perplexus IVPP V 24194 [132] 

Protopteryx fengningensis _1 BMNHC-PH1158A [121] 
Protopteryx fengningensis _2 BMNHC-PH1060A/B [121] 
Protopteryx fengningensis _3 IVPP V 1165 [133] 

Enantiornithine indet._1 BMNHC-PH1154A [121] 
Enantiornithine indet._2 BMNHC-PH1154B [121] 
Enantiornithine indet._3 BMNHC-PH1156A [121] 
Enantiornithine indet._4 STM29-8 [121] 
Enantiornithine indet._5 DNHM-D2884/1 [121] 
Enantiornithine indet._6 BMNHC-PH877 [121] 
Enantiornithine indet._7 BMNHC-PH807 [121] 
Enantiornithine indet._8 BMNHC-PH1061B [121] 
Enantiornithine indet._9 BMNHC-PH925 [121] 
Enantiornithine indet._10 STM34-1 [134] 
Enantiornithine indet._11 STM34-2 [134] 
Enantiornithine indet._12 STM34-7 [134] 
Euenantiornithes indet. UFRJ-DG 031 Av [135] 

Cruralispennia multidonta IVPP V 21711 [136] 
Eoenantiornis buhleri IVPP 11537 [137] 
Bohaiornithidae indet. BMNHC-PH1204 [121] 

Zhouornis hani _1 BMNHC-PH756 [121] 
Zhouornis hani _2 CNUVB-0903 [121] 
Sulcavis geeorum BMNHC-PH805 [121] 

Junornis houi BMNHC-PH919A [121] 
Jibeinia luanhera uncatalogued [128] 

Gretcheniao sinensis BMNHC-PH 829 [138] 
Longipteryx chaoyangensis _1 BMNHC-PH826 [121] 
Longipteryx chaoyangensis _2 HGM-41HIII0319 [121] 
Longipteryx chaoyangensis _3 BMNHC-PH1071 [121] 

Rapaxavis pani DNHM-D2522 [121] 
Parapengornis eurycaudatus IVPP V 18687 [139] 

Noguerornis gonzalezi LP. 1702. P [129] 
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C6 

Eocathayornis walker IVPP V 10916A/B [121] 
Eoalulavis hoyasi LH-13500a [129] 

Eogranivora edentulate STM35-3 [140] 
Zhongjianornis yangi IVPP V 15900 [141] 

Iteravis huchzermeyeri _1 AGB5834-1 [142] 
Iteravis huchzermeyeri _2 AGB5834-2 [142] 

Hongshanornis longicresta _1 DNHM-D2945 [143] 
Hongshanornis longicresta _2 DNHM-D2946 [143] 
Hongshanornis longicresta _3 IVPP V 14533B [144] 

Longicrusavis houi IVPP V 11309 [121] 
Archaeornithura meemannae STM7-145 [145] 

Yixianornis grabaui _1 IVPP V 12631 [121] 
Yixianornis grabaui _2 IVPP V 13631 [146] 

Yanornis martini _1 BMNHC-PH1043 [121] 
Yanornis martini _2 XHPM-1205 [121] 
Yanornis martini _3 DNHM-D3069 [121] 
Yanornis martini _4 IVPP V 13358 [147] 
Yanornis martini _5 IVPP V 12558 [148] 

Yanornis sp. _1 STM9-15 [149] 
Yanornis sp. _2 STM9-46 [149] 
Gansus zheni _1 BMNHC-PH1318 [121] 
Gansus zheni _2 BMNHC-PH11392 [121] 
Gansus zheni _3 BMNHC-PH1342 [121] 

 
 
 
 
 
 
 

C7 
 
 
 
 
 
 

Pseudocrypturus cercanaxius WDC-CGR-108 [43] 
Pseudocrypturus sp. SMA 0186 [43] 

Gallinuloides wyomingensis _1 WDC-CGR 012 [43] 
Gallinuloides wyomingensis _2 MCZ 2221 [43] 

Salmila robusta HLMD-Be 161 [49] 
Messelornis nearctica _1 BHI 6298 [43] 
Messelornis nearctica _2 SMF AV406 [43] 

"waterfowl" FMNH PA 725 [43] 
Parargornis messelensis HLMD-Be 193 [49] 

Eocypselus sp. WDC-CGR-109 [43] 
Paraprefica major SMNS 81654 [150] 

Paraprefica kelleri _1 SMF-ME 3376 [150] 
Paraprefica kelleri _2 HLMD-Be 164 [49] 

Foro panarium USNM 336261 [43] 
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C7 

Masillapodargus longipes SMNK.PAL.1083 [150] 
Sunbittern? USNM 336377 [43] 

Limnofregata azygosternon _1 USNM 22753 [43] 
Limnofregata azygosternon _2 FMNH PA 755 [43] 
Plesiocanthus wyomingensis WDC-2001-CGR-021 [43] 
Eocoracias brachyptera _1 HLMD-Me 10474 [151] 
Eocoracias brachyptera _2 SMNK.PAL.2663 [151] 
Septencoracias morsensis MGUH.VP 9509 [152] 

Neanis kistneri USNM 336268 [43] 
Primobucco mcgrewi _1 FMNH PA 724 [43] 
Primobucco mcgrewi _2 FMNH PA 611 [153] 
Primobucco mcgrewi _3 FMNH PA 738 [153] 
Primobucco mcgrewi _4 UWGM 14563 [153] 
Primobucco mcgrewi _5 WSGS U-93–1A [153] 

Anneavis anneae BMS E 25337 [43] 
Celericolius acriala FMNH PA 730 [43] 

Tynskya eocaena BSPG 1997 l 6 [43] 
Eozygodactylus americanus FMNH PA 726 [43] 

Passer domesticus SNHM/ 6105 [154] 
Cyrilavis colburnorum FMNH PA 754 [43] 

Cyrilavis olsoni UAM PV 2005.6.196 [43] 
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Supplementary Table 2. Measurements of the elbow- and wrist-joint angles. 
 

Category Species Elbow angle Wrist angle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thadeosaurus colcanapi 172.90 171.76 
Odontochelys semitestacea 103.77 147.61 

Chisternon undotum 112.10 155.83 
Baena arenosa 145.22 256.24 

Thalassemys bruntrutana 94.17 167.38 
Tropidemys seebachi 88.88 172.30 

Jeholochelys lingyuanensis 102.10 179.01 
Tasbacka danica 110.63 169.54 

Allaeochelys crassesculptata 57.34 166.07 
Hummelichelys guttata 149.26 200.62 

Axestemys byssinus 84.50 212.54 
Palaeoamyda messeliana 106.51 132.84 

Trionyx messelianus 80.78 153.30 
Eusaurosphargis dalsassoi 174.34 143.49 
Dianopachysaurus dingi 159.96 154.09 

Keichousaurus hui 174.08 175.36 
Lariosaurus sp. 176.43 170.48 

Diandongosaurus acutidentatus 177.07 166.69 
Megachirella wachtleri 126.85 172.26 

Vadasaurus herzogi 144.00 144.46 
Palaeopleurosaurus 172.88 164.92 

Derasmosaurus pietraroiae 145.34 174.94 
Sphenofontis velserae 121.00 160.25 

Lacertulus bipes 171.33 154.23 
Geiseltaliellus longicaudus 137.59 130.83 
Huehuecuetzpalli mixtecus 118.12 146.48 

Xianglong zhaoi 120.51 155.87 
Daohugou lizard_ IVPP V 13747   

Afairiguana avius 127.19 157.69 
Eolacerta robusta 89.48 171.61 

Lacertoidea 138.15 154.59 
Ardeosaurus digitatellus 143.44 151.69 

Ardeosaurus brevipes 122.16 153.62 
Eichstaettisaurus schroederi 103.16 157.11 
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C0 
 
 

Eichstaettisaurus gouldi 139.18 167.20 
Squamata 123.23 120.63 

Adriosaurus suessi 121.89 168.47 
Primitivus manduriensis 164.27 164.61 

Jucaraseps grandipes 151.45 172.19 
Yabeinosaurus tenuis 139.07 157.51 

Daohugou lizard_ IVPP V 14386   
Bahndwivici ammoskius 121.11 174.89 

Saniwa ensidens 126.07 194.99 
Cryptolacerta hassiaca 138.68 108.31 

Polyglyphanodon sternbergi 31.70 157.07 
Hyphalosaurus baitaigouensis 168.08 156.71 
Hyphalosaurus lingyuanensis 146.91 155.88 

Lazarussuchus sp. 176.68 151.37 
Monjurosuchus splendens 143.26 146.95 

Litorosuchus somnii 154.15 177.09 
Atoposaurus jowdani 163.74 169.76 

Alligatorellus beaumonti 143.37 158.69 
Alligatorellus bavaricus 151.89 155.80 

Alligatorium depereti 126.92 158.25 
Borealosuchus wilsoni 100.42 177.26 

Crocodilaemus robustus 87.89 84.32 
Diplocynodon darwini 142.75 125.42 

Tsoabichi greenriverensis 172.48 171.63 

C1 

Panguraptor lufengensis 86.07 72.54 
Coelophysis bauri 88.73 74.37 

Limusaurus inextricabilis 166.10 113.55 
Sciurumimus albersdoerferi 80.61 147.20 

Allosaurus jimmadseni 89.60 112.04 
 
 
 
 

C2 
 
 
 

Guanlong wucaii 78.87 136.48 
Tarbosaurus battar 110.85 135.90 

Scipionyx samniticus 49.16 153.70 
Sinocalliopteryx gigas 91.27 121.48 
Sinosauropteryx prima 98.98 150.28 

Huaxiagnathus orientalis 86.16 211.57 
Nqwebasaurus thwazi 53.37 135.24 

Sinornithomimus dongi 183.13 166.03 
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C2 Struthiomimus altus 133.49 157.92 

C3 

Protarchaeopteryx robusta 108.66 182.75 
Caudipteryx sp. 75.93 129.41 

Caudipteryx zoui 98.38 163.39 
Xingtianosaurus ganqi 84.62 128.14 
Similicaudipteryx sp. 55.22 133.01 
Citipati osmolskae 87.15 99.30 

Oviraptor philoceratops 38.58 72.19 
Khaan mckennai 45.17 89.55 

Heyuannia huangi 89.62 85.29 

C4 

Scansoriopteryx heilmanni 50.33 127.12 
Epidexipteryx hui 88.48 169.52 

Yi qi 94.10 120.15 
Dromaeosauridae (BPM 1 3-13) 47.55 61.42 
Dromaeosauridae (NGMC 91-A) 13.32 84.94 

Zhenyuanlong suni 24.83 152.87 
Microraptor zhaoianus 78.92 70.57 

Microraptor gui 46.53 113.73 
Microraptor sp. 43.33 151.12 

Changyuraptor yangi 29.00 79.79 
Wulong bohaiensis 50.82 194.31 

Tianyuraptor ostromi 69.76 121.22 
Jinfengopteryx eleguns 60.09 129.63 

Mei long 15.39 82.45 
Jianianhualong tengi 44.44 120.62 

C5 

Zhongornis haoae 64.16 116.63 
Archaeopteryx lithographica 40.68 116.03 

Archaeopteryx siemensii 25.79 130.09 
Yixianosaurus longimanus 34.60 162.51 

Serikornis sungei 68.87 85.70 
Eosinopteryx brevipenna 52.73 131.61 

Anchiornis huxleyi 68.64 139.54 
Aurornis xui 56.82 126.11 

Jeholornis curvipes 9.41 63.03 
Jeholornis prima 35.35 70.26 

Jeholornis sp. 35.33 80.89 
C6 Sapeornis chaoyangensis 24.44 70.04 
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C6 

Confuciusornis sanctus 44.87 63.80 
Confuciusornis sp. 51.93 68.00 

Jinguofortis perplexus 46.70 46.33 
Protopteryx fengningensis 12.02 46.05 

Enantiornithine indeterminate 41.84 65.93 
Euenantiornithes 39.50 88.68 

Cruralispennia multidonta 84.31 30.43 
Eoenantiornis buhleri 11.36 36.98 

Bohaiornithidae 32.43 50.82 
Zhouornis hani 20.75 48.30 

Sulcavis geeorum 39.50 62.21 
Junornis houi 53.00 64.23 

Jibeinia luanhera 18.77 36.30 
Gretcheniao sinensis 30.24 42.62 

Longipteryx chaoyangensis 28.76 76.27 
Rapaxavis pani 34.39 43.19 

Parapengornis eurycaudatus 11.90 31.54 
Noguerornis gonzalezi 49.37 59.36 
Eocathayornis walkeri 31.73 63.95 

Eoalulavis hoyasi 31.52 74.76 
Eogranivora edentulata 29.00 52.59 
Zhongjianornis yangi 27.46 115.98 

Iteravis huchzermeyeri 34.01 50.11 
Hongshanornis longicresta 40.10 67.77 

Longicrusavis houi 14.79 52.94 
Archaeornithura meemannae 63.01 84.88 

Yixianornis grabaui 28.17 117.98 
Yanornis martini 30.20 71.29 

Yanornis sp. 29.26 76.02 
Gansus zheni 29.71 29.35 

 
 

 
C7 

 
 
 

Pseudocrypturus cercanaxius 17.92 47.33 
Pseudocrypturus sp. 91.14 159.88 

Gallinuloides wyomingensis 29.92 15.86 
Salmila robusta 22.97 42.97 

Messelornis nearctica 33.18 60.17 
undescribed waterfowl 29.11 64.87 

Parargornis messelensis 45.75 85.57 
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C7 

Eocypselus sp. 92.00 68.81 
Paraprefica major 13.78 64.02 
Paraprefica kelleri 31.87 54.56 

Foro panarium 20.32 64.14 
Masillapodargus longipes 39.40 98.16 

undescribed (possible sunbittern) 35.98 90.82 
Limnofregata azygosternon 53.90 65.13 
Plesiocanthus wyomingensis 75.25 123.46 

Eocoracias brachyptera 24.12 76.16 
Septencoracias morsensis 38.12 86.58 

Neanis kistneri 55.14 86.48 
Primobucco mcgrewi 30.03 62.85 

Anneavis anneae 51.73 78.91 
Celericolius acriala 81.66 110.71 

Tynskya eocaena 24.69 63.36 
Eozygodactylus americanus 17.36 41.29 

Passer domesticus 27.47 45.56 
Cyrilavis colburnorum 30.57 46.06 

Cyrilavis olsoni 30.72 52.76 
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